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Abstract 
Membrane-based processes for carbon capture and storage have many compelling advantages that have encouraged development 
of membrane materials for the post-combustion separation of CO2 from flue gases. We investigated the performance of two CO2 
capture processes when integrated with representative flow sheets of coal and natural gas-burning power plants. Using process 
simulations and optimization techniques, we analyzed how the membrane selectivity and process pressures affect the minimum 
achievable power requirement and the consequent quantity of membrane area required. In addition, we used a model of process 
equipment costs to study the dependence of total equipment cost for the CO2 capture process on these same variables. Higher 
selectivity generally leads to lower power consumption by the CO2 capture process, while increasing the pressure of the flue gas 
leads to lower required membrane areas. Estimated equipment costs tend to be insensitive to the selectivity of the membrane, but 
are strongly influenced by the flue gas pressure. 
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1. Introduction 
Capture and storage of CO2 from fossil fuel-firing power plants is an important strategy for reducing the 
contribution of electricity generation to increasing atmospheric concentrations of CO2 [1]. Membrane-based separation 
processes are just one technology that is being considered for these separations [2]. Compared to scrubbing using 
concentrated solutions of amines, the de facto standard for this type of separation, membrane-based processes possess 
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the potential to provide several operational advantages. Chief among these advantages is the avoidance of handling 
corrosive and toxic solvents that may require additional equipment and engineering to avoid emission of the solvent 
and its byproducts. When considering the retrofit of exiting fossil-fired power plants, membrane-based processes are 
driven by electricity and not by steam taken from the plant’s turbines. By decoupling the CO2 capture process from 
the power cycle of the plant, the plant may operate with a greater degree of flexibility. High flexibility would allow 
the plant to respond to changing electricity demands on short time scales, an issue that will rise in importance as more 
renewable energy sources with variable output supply energy to the grid. 
Recent advances in membrane materials have opened up the possibility of using a membrane-based process for 
post-combustion CO2 capture [3,4]. Owing to the large flow rates involved, membranes with high permeance and 
sufficient selectivity are required to reduce the required investment in the membrane itself. Work by several authors 
has shown that membrane-based process have the potential to operate in a range where they could be competitive with 
amine-based processes [5–8].  
We have investigated two different process designs for membrane-based CO2 capture processes. Using models of 
pulverized coal (PCC) and natural gas combined cycle (NGCC) plants, we have calculated the power and membrane 
area required to capture 90% of the CO2 that would otherwise be emitted by these two classes of power plant. We 
considered two different CO2 capture process designs. In addition, we estimated the additional load on plant auxiliaries 
for one process. The results of the optimization calculations were used to estimate the equipment costs and how they 
are related to membrane properties and process variables. 
2. Models and methods 
2.1. Power plant models 
We implemented models of subcritical pulverized coal combustion (PCC) and natural gas combined cycle (NGCC) 
power plants in a process simulation package and integrated them with the CO2 capture processes described below. 
The designs of the models were based on the U.S. Department of Energy National Energy Technology Laboratory 
(NETL) Case 9 (for PCC) and Case 13 (for NGCC) designs [9]. For the PCC plant, our model included a combustion 
model, primary and secondary forced draft fans, an induced draft fan, particulate matter removal process, and SOx 
removal process. For the NGCC plant, our model included a combustion turbine with compressor, combustor, and 
turbine sections and a cooler in place of a heat recovery steam generator (HRSG). Rather than model the entire HRSG 
and steam Rankine cycle, we focused on the capture process and used the cooler to lower the temperature of the flue 
gas to represent a HRSG. 
2.2. CO2 capture processes 
A variety of membrane-based CO2 capture processes have been proposed for the post-combustion separation of 
CO2 from power plant flue gases [7,10,11]. We have selected two processes for our comparison: a membrane-only 
(MO) design, based on the design proposed by RTI International [10], and a membrane-and-liquefier (ML) hybrid 
process, based on the design proposed by Membrane Technology and Research (MTR) [7]. 
The MO design is shown in Fig. 1a, integrated with a PCC plant. The flue gas exiting the power plant, after passing 
through the other environmental controls, passes through turboblowers to raise its pressure. After mixing with recycled 
gas, the compressed flue gas enters the feed stage membrane (a cross-flow stage). The residue from this stage passes 
directly into the feed side of a stripping stage membrane (a counter-flow stage). The permeate side of the stripping 
stage is swept with air destined for the combustion process. The use of combustion air to provide additional recovery 
of CO2 without additional compression is a common element of post-combustion capture process designs [7,10,11]. 
The product of the stripping stage feeds directly to the combustion process, and the residue gas passes through a 
turboexpander to recover some of the energy expended compressing the gas. On the permeate side of the feed stage, 
the gas exits below ambient pressure. The gas is recompressed back to the flue gas turboblower outlet pressure before 
entering the enriching stage membrane (a cross-flow stage). The permeate from this stage passes through multiple 
stages of compression to bring it to the product conditions. Any residue gas from the enriching stage recycles back to 
a point between the turboblower and the feed stage. 
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The ML design, shown in Fig. 21b, is identical in structure and operation for the feed and stripping stages. The 
difference comes in the enriching section on the permeate side of the feed stage. In the ML design, the gas exiting as 
the permeate of the feed stage is also below ambient pressure. This gas passes through multiple compression stages 
that bring it to moderate pressure (24 to 27 bar). This compressed gas passes through heat exchangers to cool it with 
the streams exiting the low temperature section it is about to enter. After this initial recovery of cooling duty, the gas 
is chilled to -30 °C to condense the CO2. The vapor-liquid mixture enters a tank where the liquid product is drawn off 
and sent to a pump that brings it to the product pressure. The vapor from the tank passes through the heat exchangers 
mentioned previously and enters a small recycle membrane stage (a cross-flow stage). The permeate from this stage 
feeds directly into the multistage compression process ahead of the low-temperature section while the residue is 
expanded to recover power and mixes with the compressed flue gas before entering the feed stage. 
2.3. Modeling approach 
To quantify the effects of membrane properties and process variables on the performance of the CO2 capture 
process, we performed simulations of the flow sheets described above assuming different CO2/N2 selectivities and 
flue gas turboblower outlet pressures. The feed rate of fuel to the power plant, and hence the gross power output of 
the plant, was held constant in all cases. For the results of the parametric study presented in section 3.1, we performed 
optimization calculations to minimize the power required by the all the rotating equipment in the CO2 capture process, 
plus the load on a refrigeration system for the ML process. The optimization routine adjusted the sizes of the three 
membrane stages in each process to minimize this power requirement, subject to the constraints of 90% overall 
recovery of CO2 from the combustion process and a final CO2 composition of at least 97 mole %. Our objective 
function ignored any contribution from additional load on auxiliary equipment like water pumps or cooling towers. 
Detailed assumptions for the simulations can be found in Appendix A. For the study of the plant auxiliaries (see 
section 3.2), no optimization was performed, and instead membrane stage sizes were set to meet the product 
specifications listed above. All simulations were performed using Aspen Plus (version 8.0) with additional routines 
built in-house to model the mass balances around cross-flow and counter-flow membrane stages.  
  
Fig. 1. Schematics of a (a) membrane-only and (b) membrane-and-liquefier based CO2 capture processes integrated with a PCC power plant. 
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2.4. Cost model 
In addition to quantifying the power and membrane area required by the CO2 capture processes, we developed a 
model to estimate the cost of the other equipment involved in the capture process. We used Aspen Capital Cost 
Estimator (version 8.0) to generate bare module cost data for compressors, heat exchangers, turboblowers, pumps, 
and other equipment as a function of the relevant design variables, for example, volumetric flow capacity and pressures 
for compressors and surface area for heat exchangers. These data were fit to continuous functions to provide a model 
that relates flow rates, cooling duties, etc. to the equipment cost. We then applied this model to the results of the mass 
and energy balances from the optimization calculations described above to provide a comparison between different 
processes on the basis of cost and the effect that membrane and operating variables have on those costs. This model 
did not include any provision for the cost and labor involved in the design, procurement, and installation of the 
equipment, nor did it account for the cost of any upgrades to the existing power plant equipment. 
3. Results and discussion 
3.1. Effects of membrane selectivity and operating pressures 
The results of the parametric study of CO2 capture from PCC plant flue gas are shown in Fig. 2. The results for the 
MO and ML processes are shown with closed and open symbols, respectively. Fig. 2a shows how the power required 
by the CO2 capture process depends on the CO2/N2 selectivity of the membrane. In general, increasing the selectivity 
of the membrane decreases the power required to meet 90% capture of CO2. The curves in Fig. 2a are concave up with 
decreasing slope, indicating that each additional unit of selectivity returns a smaller savings to power. The main way 
in which increasing selectivity reduces the power required is by reducing the flow through the enriching section of the 
process. With higher selectivity membranes, the gas permeating in the feed stage is more enriched in CO2 for a given 
combination of pressures. Since the specification of the cascade is to remove a fixed amount of CO2, a purer stream 
at this point in the process means a smaller load on the permeate compressor in the MO process and the liquefaction 
compressor and chiller in the ML process. 
 
  
Fig. 2. (a) Power required and (b) membrane area required by the MO (closed symbols) and ML (open symbols) CO2 capture processes versus 
membrane selectivity for 90% capture from a PCC plant. The different curves for each process correspond to different flue gas turboblower outlet 
pressures (triangles = 1.5 bar, diamonds = 2.0 bar, circles = 2.5 bar). 
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In addition to measuring the effect of selectivity, we considered three values for the the outlet pressure of the flue 
gas turboblower (1.5, 2.0, and 2.5 bar). For both capture processes, increasing the pressure increases the power 
required at a given selectivity, although the MO process appears to be more sensitive to pressure than the ML process, 
especially at higher selectivities. Comparing the two processes directly against one another, the ML process 
consistently required less power at a given combination of selectivity and pressure. The lowest power requirements 
achieved in the parameter range considered (CO2/N2 selectivity = 50, pressure =1.5 bar) were 128.3 MW and 116.4 
MW for the MO and ML processes, respectively. 
In addition to estimating the power required, the minimization procedure provides an estimate of the membrane 
stage areas to achieve the minimum power, all other parameters held constant. Fig. 2b shows the total area required 
by the MO and ML processes for membrane selectivities between 25 and 50 for three turboblower pressures (1.0, 1.5, 
and 2.0 bar).  The MO process tends to require less area at a given pressure as the selectivity increases and appears to 
be more sensitive at lower selectivity. On the other hand, the ML process shows almost no dependence on the 
selectivity of the membrane, except at 1.5 bar, where increasing the selectivity actually increases the required area. 
Both processes require less area as the pressure increases, which is expected since this increases the driving force for 
permeation in the feed and stripping membrane stages. At the lowest pressure (1.5 bar), the ML process appeared to 
require less area, especially at low selectivity. However, at 1.5 and 2.0 bar, the processes had similar area requirements, 
especially at selectivities above 40.  
We performed a parallel study and analysis of CO2 capture from a NGCC plant. The results of this study are shown 
in Fig. 3. Most of the trends observed for the PCC plants were observed for NGCC plants. Increasing the selectivity 
of the membrane reduces the power required by either process while increasing the turboblower pressure increases 
the power required (see Fig. 3a). In contrast to the PCC results, the area required tends to decrease for both processes 
with increasing membrane selectivity. The MO process is slightly more sensitive at lower membrane selectivities. In 
contrast to the results for the PCC plant, in the context of a NGCC plan, the two processes are largely identical in 
terms of power and area required. Above a selectivity of about 40, the data for the two processes lie essentially on top 
of one another.  
  
Fig. 3. (a) Power required and (b) membrane area required by the MO (closed symbols) and ML (open symbols) CO2 capture processes versus 
membrane selectivity for 90% capture from a NGCC plant. The different curves for each process correspond to different flue gas turboblower 
outlet pressures (triangles = 1.5 bar, diamonds = 2.0 bar, circles = 3.0 bar). 
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Fig. 4. Power consumed by different classes of auxiliary equipment for PCC with and without a CO2 capture process (the ML process). 
3.2. Impact of CO2 capture process on plant auxiliaries 
In addition to the power required to run the compressors (and chillers in the ML process) in the processes 
investigated, there are additional requirements on the plant in terms of loads on auxiliary equipment. In a power plant, 
this auxiliary equipment includes, but is not limited to, pumps for supplying cooling water, fans for moving air, plant 
electrical equipment, etc. For the purposes of this work, we estimated the load on the relevant auxiliary equipment for 
a PCC plant. The results of this estimation are shown in Fig. 4. We sorted the auxiliaries into three main categories: 
cooling water, fans, and other auxiliaries. The gray bars show the results for a PCC plant without a capture process 
and the black bars show the results for the PCC plant with the ML process, assuming a CO2/N2 selectivity of 25 and 
turboblower pressure of 2.0 bar. The capture process has a modest effect on the power required for supplying cooling 
water and fans for moving gas in and out of the boiler. Pumping cooling water for the compressors in the ML process 
consumes only 1.0 MW above the normal plant requirements (9.6 MW vs. 8.6 MW). The fans require an additional 
1.4 MW (12.6 MW vs. 11.2 MW) owing to the additional mass flow through the secondary air fan and the induced 
draft fan. The other auxiliaries in the plant (lighting, coal pulverization, etc.) either depend almost entirely on the 
amount of fuel consumed or are independent of output, so they are essentially constant. The total auxiliary loads with 
and without the ML capture process were 36.3 MW and 33.9 MW, respectively. Compared to the power required 
directly by the capture process, this is is a small quantity and can be neglected from conceptual studies of these sort 
of membrane-based CO2 capture processes. 
3.3. Equipment costs for CO2 capture processes 
Using the results of the parametric study described in section 3.1, we applied our cost model to analyze the effect 
of membrane selectivity and process variables on the equipment costs. Given the large scale of these processes, some 
extrapolation of cost data was necessary, and the results presented in this section should serve as qualitative guides. 
As part of this analysis, we estimated the cost of the membrane modules assuming that the cost of the membrane itself, 
plus the necessary materials and equipment to build and hook together arrays of membrane modules, could be 
represented by a single price per m2 of membrane area. We assumed this price to be either $50 (low) or $100 (high) 
0 5 10 15
Remaining auxiliaries
Fans
Cooling water
Power consumed (MW)
ML CO2 capture No capture
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per m2 to show the range of sensitivities shown by these processes. These costs were calculated for the flows and 
process variables at the lowest power consumption, and do not necessarily reflect the lowest costs for equipment. 
  
Fig. 5. Equipment costs as a function of turboblower pressure for the (a) MO process and (b) ML process integrated with a PCC plant. Solid and 
dashed lines represent data for CO2/N2 selectivity of 25 and 50, respectively. The lower and upper lines of each type correspond to low and high 
assumptions for the cost of membrane modules. 
For capture from PCC plants, Fig. 5a and Fig. 5b shows the dependence of the cost on the turboblower pressure 
for the MO and ML processes, respectively. In general, increasing the turboblower pressure decreases the cost. 
Although higher pressure leads to higher expense on the turboblowers, this is more than offset by the reduction in 
membrane area required. Other cost savings arise from the higher purity, and hence lower total flow rate, on the 
permeate side of the feed stage when operated at higher feed-side pressure. While both processes exhibit the same 
qualitative trends with respect to turboblower pressure, they show different responses to increasing the selectivity of 
the membrane. The MO process (Fig. 5a) shows weak dependence of equipment cost on selectivity. Changing 
selectivity from 25 (solid lines) to 50 (dashed lines) has a modest effect on cost at low pressures. At higher pressures, 
the costs are essentially indistinguishable between the two selectivities, with the costs covering essentially the same 
range between the high and low cost membrane cost assumptions. On the other hand, the ML process (Fig. 5b) shows 
significant sensitivity to the selectivity of the membrane, with increasing selectivity leading to lower equipment costs. 
In fact, the costs for the low membrane cost assumption at 25 selectivity are around the costs for the high membrane 
cost assumption at 50 selectivity. Comparing the two processes, the costs for the MO process and the costs for the ML 
process at 25 selectivity are comparable. The costs for the ML process at 50 selectivity are somewhat lower. 
The parallel analysis was performed for the NGCC process. Fig. 6a and Fig. 6b show the dependence of the cost 
of the MO and ML processes, respectively, on the selectivity of the membrane. Qualitatively, the dependence on 
selectivity is relatively weak for both processes. At turboblower pressures below 2.0 bar (Fig. 6a, solid lines and 
dashed lines), the cost does decrease a bit somewhat from a selectivity of 25 to a selectivity of 50, but above 50, it 
flattens out. All the cost curves in Fig. 6b are essentially flat. The different line types correspond to different 
turboblower pressures, and solid, dashed, and dot-dashed lines representing data for 1.5, 2.0, and 3.0 bar, respectively. 
As with the PCC cases, the cost tends to decrease with increasing pressure, again owing largely to the reduction in 
membrane area required. For both processes, increasing the pressure also decreases the range of costs between the 
low and high membrane costs. Overall, the ML process appears to have lower equipment costs at any given selectivity 
and turboblower pressure. 
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Fig. 6. Equipment costs as a function of membrane selectivity for the (a) MO process and (b) ML process integrated with a NGCC plant. Solid, 
dashed, and dot-dashed lines lines represent data for turboblower pressures of 1.5, 2.0, and 3.0 bar, respectively. The lower and upper lines of 
each type correspond to low and high assumptions for the cost of membrane modules. 
As noted above, increasing pressure decreases the required membrane area, which in turn reduces the cost of the 
process. This is true for every process and power plant combination. However, for the NGCC plant cases, increasing 
pressure led to a concomitant decrease in the range of estimated costs. In fact, at the highest pressures, the ML process 
in a NGCC plant (Fig. 6b) showed almost no sensitivity to the cost of the membrane. Although the total membrane 
areas for the NGCC process (Fig. 3b) could be much larger than the corresponding areas for the PCC cases (Fig. 2b), 
ultimately the other equipment must be larger to account for the higher cost. The main distinguishing factor between 
the PCC and the NGCC plant are the concentrations of CO2 in the flue gas. Without the capture process, the PCC and 
NGCC plants would emit flue gas with CO2 concentrations around 13 mole% and 4 mole%, respectively. With the 
recycle introduced by the sweep of the stripping stage membrane, these concentrations increase to about 18.4 mole % 
and 16.9 mole% (for the ML process). The lower concentration of CO2 in the NGCC flue gas means lower 
concentrations of CO2 in the permeate of the feed stage membrane, and hence higher total flow rates to in this enriching 
section to achieve the 90% capture target. Higher flow rates require larger compressors and heat exchange equipment 
to accommodate the flow, although less CO2 overall must be separated.  
4. Conclusions 
We performed a study of two membrane-based CO2 capture processes for the post-combustion capture of CO2 from 
prototypical coal and natural gas-fired power plants. Increasing membrane CO2/N2 selectivity led to lower power 
consumption, but with diminishing effect above a selectivity of 45. The area required at minimum power was a strong 
function of the pressure that the flue gas was compressed to, with high pressures requiring more power. The ML 
process required less power than the MO process for all parameter values for a PCC plant. However, in the context of 
a NGCC plant, both processes required approximately the same power and membrane area. In all cases except the ML 
process in a PCC plant, the equipment costs were weakly influenced by the selectivity of the membrane. Increasing 
pressure decreases the equipment cost by reducing the amount membrane required and its relative contribution to the 
total equpiment cost. 
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Appendix A. Assumptions used in power plant and CO2 capture process simulations 
We employed the following assumptions in our process simulations: 
x All compressors are composed of multiple compression stages so that the pressure ratio per stage did not exceed 
2.5, except for the flue gas turboblower, which was allowed to range up to a pressure ratio of 3. 
x All compression stages operated with 80% isentropic efficiency, except the flue gas turboblower, which assumed 
to have an isentropic efficiency of 75%. The mechanical efficiency for all stages was assumed to be 98%. 
x During multistage compression, the compressed stream was cooled via interstage heat exchangers to 40 °C. 
x Pumps operating on liquids operated to 85% isentropic efficiency. 
x Physical properties were determined using the Redlich-Kwong-Soave equation of state using the Boston-Mathias 
mixing rules. 
x The product from the CO2 capture process contained at least 97 mole % CO2. No constraints were imposed on 
other components. The product stream was brought to 150 bar and 35 °C. 
x 90% of all CO2 generated by combustion ended up in the final product stream. 
x In models using the membrane-and-liquefier model, the low temperature streams exchanged heat with the incoming 
feed to the chiller. These exchangers operated with a hot-side approach of 5 °C. 
x The power to remove heat at low temperatures was related to the net cooling duty assuming the refrigeration system 
operated with a coefficient of performance of 3. 
x The permeate side of the feed stage membrane operated at 0.2 bar, as well as the enriching stage of the MO process. 
x Five components were allowed to permeate through the membrane: CO2, N2, H2O, O2, and Ar. 
x Membrane stages operated isothermally at 40 °C. 
x Membranes had a CO2 permeance of 5000 GPU, and the selectivity of the membrane was adjusted by adjusting 
the permeances of the other components. H2O was assumed to be 5 times as permeable as CO2. O2 was assumed to 
have a permeance half that of N2. Ar was assumed to have the same permeance as N2. 
x The composition and condition of air streams were the same as the NETL baseline report for Cases 9 and 13 [9]. 
 
For simulations of CO2 capture from PCC plants:  
x The coal feed rate was fixed at 198,391 kg/hr, corresponding to a gross output of 582 MWe without any CO2 
capture process [9]. The composition of the coal was derived from the composition of Illinois no. 6 coal, as 
presented by NETL [9]. In our model, all chlorine was ignored and the balance of the ultimate analysis was taken 
to be oxygen. 
x Total air flow was 27,159 actual cubic meters per minute (ACCM). The primary air, secondary air, and infiltration 
air made up 23.1%, 75.2%, and 1.7% of the total flow, respectively. 
x Secondary air was used to sweep the stripper membrane. 
x The optimization was constrained to ensure a minimum O2 content in the air entering the boiler of 19 mole%. 
x Particulate removal and desulfurization of the flue gas was assumed to operate at 100% efficiency, since their 
impact is modest on the auxiliary power required by the plant. True 100% removal of these impurities would 
require a large amount of energy. However, we neglect this in these models for the convenience of rapid 
convergence of the models. 
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For simulations of CO2 capture from NGCC plants: 
x The natural gas feed rate was fixed at 75,907 kg/hr, using the composition used for Case 13 of NETL’s baseline 
report [9]. This feed rate corresponds to 565 MWe gross output from a NGCC plant. 
x The total air feed rate was 43,645 ACCM. All air fed to the CTs is used to sweep the stripper membrane. 
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